Metazoan OXPHOS gene families: Evolutionary forces at the level of mitochondrial and nuclear genomes  by Saccone, Cecilia et al.
Biochimica et Biophysica Acta 1757 (2006) 1171–1178
www.elsevier.com/locate/bbabioReview
Metazoan OXPHOS gene families: Evolutionary forces at the level of
mitochondrial and nuclear genomes
Cecilia Saccone a,b,⁎, Cecilia Lanave a, Anna De Grassi a
a Istituto di Tecnologie Biomediche, Sede di Bari, CNR, Bari, Italy
b Dipartimento di Biochimica e Biologia Molecolare, Università di Bari, Bari, Italy
Received 24 February 2006; received in revised form 19 April 2006; accepted 20 April 2006
Available online 4 May 2006Abstract
Mitochondrial and nuclear DNAs contribute to encode the whole mitochondrial protein complement. The two genomes possess highly
divergent features and properties, but the forces influencing their evolution, even if different, require strong coordination. The gene content of
mitochondrial genome in all Metazoa is in a frozen state with only few exceptions and thus mitochondrial genome plasticity especially concerns
some molecular features, i.e. base composition, codon usage, evolutionary rates. In contrast the high plasticity of nuclear genomes is particularly
evident at the macroscopic level, since its redundancy represents the main feature able to introduce genetic material for evolutionary innovations.
In this context, genes involved in oxidative phosphorylation (OXPHOS) represent a classical example of the different evolutionary behaviour of
mitochondrial and nuclear genomes. The simple DNA sequence of Cytochrome c oxidase I (encoded by the mitochondrial genome) seems to be
able to distinguish intra- and inter-species relations between organisms (DNA Barcode). Some OXPHOS subunits (cytochrome c, subunit c of
ATP synthase and MLRQ) are encoded by several nuclear duplicated genes which still represent the trace of an ancient segmental/genome
duplication event at the origin of vertebrates.
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It is well known that eukaryotic cells possess more than one
genome. In addition to the main cellular genome, the nuclear one,
the genomes of cytoplasmic organelles, like mitochondria and
chloroplasts, are also present.
The eukaryotic genomes derive, according to the endosymbiotic
theory on the origin of eukaryotic cells, from primitive forms of
prokaryotes, archaebacteria and eubacteria establishing symbiotic
relationships [1,2]. In contrast with a primitive hypothesis sug-
gesting a two-step event in the origin of the eukaryotic cell, the one-
step theory, also called the hydrogen theory, seems now better sup-
ported by experimental data [3].
Whatever the origin, the bacterial genome giving rise to the
mitochondrial DNA (mtDNA) during the evolution, progressivelyAbbreviations: mt, mitochondrial; COI, Cytochrome c oxidase I; OXPHOS,
oxidative phosphorylation; Cyt c, Cytochrome c; LBP, Lipid Binding Protein
(Subunit c of ATP synthase)
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doi:10.1016/j.bbabio.2006.04.021lost genes, which were transferred to the nuclear genome which
became a chimera [4].
In all respiring cellsmtDNAnowhas a reduced size coding for a
limited number of genes. It has been clearly established, at least for
Metazoa, that mtDNA codes for two types of products: genes (like
rRNA and tRNA genes), which are involved in the mitochondrial
(mt) protein synthesis machinery, and genes which code for
proteinswhich are part of theOXPHOS complexes. In otherwords,
the nuclear and mt genomes strictly collaborate for the production
of such complexes, which are present in the organelles and part of
the respiratory chain, which is in turn responsible for the production
of energy. In this context, mt and nuclear DNAs both under strong,
even if different, evolutionary forces, must interact with each other
for the eukaryotic cell to function correctly.
2. The evolutionary scenario of the mitochondrial genome
in Metazoa
Although in the various eukaryotic phyla themt genome shows
great variability in size and gene organization, in all Metazoa, that
Fig. 1. Nucleotides substitution rates (rates) and ratio (Mt/Nuc) between the
nucleotide substitution rates of themt and nuclear genome calculated by comparing
homologous genes from human and chimp (synonymous and non-synonymous
rates) andmouse and rat (tRNAand rRNA). Sequence divergence (rates) expressed
as % substitutions/site calculated using the Stationary Markov Model [8].
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tically frozen, at least for somemajor properties, as indicated by
its small size (about 16 kb) and constant gene content: 13
proteins, 2 rRNA and 22 tRNA (with some small exceptions).
Gene order may vary between Metazoan lineages, but con-
servation of gene order is frequently observed in recent evo-
lutionary neighbours. Several evolutionary processes have
taken place during Metazoan evolution [5]. These processes
include rearrangements of gene order in which tRNA genes
have probably played an important role. All studies on tRNA
gene localization in animal mt genomes clearly show their
accelerated mobility with respect to other mt genes. We have
suggested that tRNAs should be considered as mobile elements
involved in gene rearrangement [6,7]; indeed, a gene flanked
by two tRNAs can be considered to be very similar to a trans-
posable element, with the two tRNAs corresponding to long
terminal repeats (LTRs), each having short inverted sequences
(amino acid stems) at its ends [7]. Changes in base composition
are also observed between Metazoan lineages. In addition, the
main regulatory region of mtDNA, called the D-loop in
vertebrate, is very variable even between closely related spe-Fig. 2. Statistically significant mean relative rates differences for mammalian inter-
protein coding genes ( ) and rRNA genes ( ) have been analysed. Perissodactylacies. The high rate of base changes in mt genes (Figs. 1 and 2)
together with its uniparental inheritance, has allowed the use of
mt genes and genomes for the reconstruction of phylogenetic
relationships (Fig. 3) and for the evolutionary histories of pop-
ulations avoiding the complexities deriving from recombina-
tion of maternal and paternal genomes.
Significant rate variations, not only between orders but even
between closely related species of the same order, have been
found by our group [9,10]. Fig. 2 plots the mean relative rates
for mammalian inter-order comparisons showing statistically
significant rate differences as defined by the relative rate test. In
the analysis the Perissodactyla genes have been chosen as the
reference order because of their lower evolutionary rate and first
plus second codon positions (P12) of the 12H-strand protein-
coding genes and rRNA genes have been taken into account. It
can be observed that the rate of evolution of mammalian mt
genomes is rather variable, not only between different orders,
but also within orders and even between closely related species.
However, the observed mtDNA rate differences in mammals are
rather low, showing a variability that never exceeds 1.8-fold.
Such a limited extent of rate variation should not affect qual-
itative phylogenetic inferences (tree topology). However, ac-
curate estimates of molecular dating can be obtained by using
appropriate weighting based on the observed evolutionary rate
[9,10].
Analyses of mt and nuclear gene sequences have often pro-
duced different mammalian tree topologies. Bayesian methods
have been successfully applied to the estimation of the tree
topology of placentals by using nuclear data. By using Bayesian
phylogenetic methods on mt protein-coding genes, phyloge-
netic relationships between mammalian species have been
shown to be highly congruent with previous results based on
nuclear genes (Fig. 3). Our results have shown the existence of
four primary lineages of placental mammals: Xenarthra, Afro-
theria, Laurasiatheria, and Euarchontoglires. Relationships bet-
ween and within these lineages strongly suggest that the geneorder comparisons. First and second codon positions (P12) of the 12 H-strand
was chosen as the reference order because of its lower evolutionary rate.
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logeny. Our studies have reported that mt and nuclear genes
are equally reliable for recovering order-level and family–
level relationships among eutherian mammals when compre-
hensive taxon sampling is used, compositional bias is taken
into account, and robust methods are used for tree reconstruc-
tion [11,12].
The main conclusions on the evolutionary behaviour of
mtDNA, both intraspecies and interspecies present in the lit-
erature, have often been based on simple models of evolution
including the assumption that the divergence of mtDNA follows
a molecular clock, in other words assuming practically neutral
evolution with negligible selection. More recently, this scenario
has been questioned. It has been suggested that, at least for some
genes, there is a significant departure from neutrality, with sev-
eral genes under negative selection, and possibly others (such as
the AT6 gene in humans [13]) under positive selection.
If a neutral model of evolution does not apply to all animal
mtDNA genes, it is legitimate to wonder, whether the picture of
mtDNA evolution should be reevaluated using amore appropriate
approach. In any case, the evolutionary forces acting on the
animal mt genetic system require further investigation.
3. DNA barcoding: the last challenge of the mtDNA
In this scenario, a new and unexpected property of mtDNA
has recently emerged: a mt gene may be used as a DNA barcode
in Metazoa [14]. DNA Barcoding is a new and exciting tool for
characterizing species of organisms of all life forms using a short
DNA sequence from a standard and agreed-upon position in the
genome [15].
Although there is probably no universal barcode gene for all
species, recent work suggests that a 648-bp region of the mt gene,
cytochrome c oxidase I (COI) can behave as a good DNA
Barcode for the majority ofMetazoan species. In 2003, Herbert et
al. [16] showed that there are two important advantages in the use
of COI as a DNA-based identification system: (1) the Universal
primers are very robust enabling recovery from representatives of
most, if not all, animal phyla; (2) COI appears to posses a greater
range of phylogenetic signals than any other mt gene, thus
providing deeper phylogenetic insights than alternatives such as
Cytochrome b.
The 648-bp region of the COI gene is easily recovered and it
provides good resolution, as shown by the fact that deep se-
quence divergences are the rule between 13,000 closely related
pairs of animal species [16]. It should be considered that COI is
a gene of the mt genome; mtDNA has a high copy number
(100–10000 copies of mt genes vs. 2 copies of nuclear genes for
each cell), it shows a great interspecies difference (5- to 10-fold
higher in mt than in nuclear genes) and a small intraspecies
difference, there are no introns and, finally, mt genes are ortho-
logous in Metazoa.
The COI sequence, which behaves as a “sentinel” gene, can
give an indication of shifts in rates of molecular evolution and
nucleotide usage as well as evidence of molecular diversity.
In plants, because of the limited variation in mtDNA
generally, COI is useful only in some algae [17]. In floweringplants Kress et al. [18] propose using two barcodes in tandem:
the nuclear internal transcribed spacer region and the plastid
trnH-psbA intergenic spacer (450 bp).
4. The evolutionary scenario of nuclear genome in Metazoa
In the same time span as Metazoan evolution, in contrast to
the frozen state of the mt genome, the nuclear genome shows
much higher plasticity. The different level of plasticity dis-
tinguishing the two cellular genomes is mainly due to the
multiple and continuous duplication events exclusively af-
fecting the nuclear genome to different degrees [19–21]. These
events create genetic redundancy, strongly influencing the
evolution of the nuclear genome in Metazoa [22]. The redun-
dancy of genetic information on the two cellular genomes is
the result of completely different mechanisms. The mt ge-
nome, frozen in its main features, shows redundancy in the
DNA copy number per mitochondrion and in the number of
mitochondria per cell, probably obtaining also tissue-specific
peculiarities. In contrast, the nuclear genome, present at most
in single/double copy per cell with identical copies between
cells (with few exceptions), expresses its redundancy entirely
at the sequence level, essentially through duplication and retro-
transposition events.
At the present time, we have 280 eukaryotic genome se-
quencing projects in progress (data from NCBI database),
including 116 projects on Metazoan species (roundworms, in-
sects, fishes, amphibian, birds and mammals (Table 1). The
information deriving from these projects is revealing the great
variability of nuclear genomes and clarifying the amount and
consistence of genetic redundancy between species. The size
of the genome increases passing from prokaryotes (less that
107 nucleotide pairs per haploid genome) to yeast (107–108
nucleotide pairs per haploid genome) and to Metazoa (108–
1011 nucleotide pairs per haploid genome) ranging, in the latter
case, over three orders of magnitude between species. This
high genome size variability is partially due to the variation in
gene numbers, being mostly associated with the fraction of
non-coding sequences (Table 1). These sequences are lo-
calized in both inter and intra-genic space, only a few are
classified as known elements (i.e. SINEs, LINEs) and their
function is still widely unknown. Redundant coding and non-
coding sequences can be the result of duplication at the level of
the entire genome, segments or single sequences or mediated
by retrotransposition. Recent studies are focused on the re-
lationships between duplicated non-coding sequences in evo-
lutionary terms [23]. For the coding part of the genome, du-
plicated genes have long been studied, are called paralogs and
can be grouped into gene families, consisting of a variable
number of members in different organisms [24,25]. Paralogous
genes are viewed as a source of material for introducing func-
tional novelties into the genome [26–29] and, at present, three
alternative outcomes are suggested for their evolution: nonfunc-
tionalization (one copy degenerates and loses its function, being
retained just as part of the sequence), neofunctionalization (one
copy assumes a completely novel function and is maintained by
natural selection) and subfunctionalization (each copy retains a
Fig. 3. Phylogenetic tree of placental mammals reconstructed using the MrBayes program from mt 12 H-stranded protein-coding genes using ungapped first plus
second codon positions with the exclusion of Leu synonymous sites. Posterior probabilities (PP) supporting the tree nodes are only reported when less than 100.
Marsupialia and Monotremata (□) were used as outgroups. The lengths of the branches are proportional to the number of nucleotide substitutions per site.
1174 C. Saccone et al. / Biochimica et Biophysica Acta 1757 (2006) 1171–1178different aspect of the original function and acquires new ones)
[30].
5. Trends in the evolution of OXPHOS genes in Metazoa
In this context the characterization and analysis of nuclear
genes encoding proteins which target the mitochondrion can be
a key step to understanding the evolutionary fate of the two
genomes. Particular attention has been given to genes involved
in the OXPHOS function, since it is one of the most ancient and
conserved mt functions and the only biological system in which
mitochondrial and nuclear encoded genes physically interact.
For this reason, we have used a genome-wide approach to
identify paralog genes of 78 OXPHOS proteins in several
Metazoan species for which genome projects were at least at theassembly stage: Drosophila melanogaster and Anopheles
gambiae (insects), Ciona intestinalis and Ciona savignyi (tuni-
cates), Danio rerio and Fugu rubripes (fishes), Mus musculus,
Rattus norvegicus, Pan troglodytes and Homo sapiens (mam-
mals). The gene family size of OXPHOS genes (as the number
of paralogs per gene family) is larger in vertebrates than in
invertebrates, consistent with the increase in both genome size
and global gene number [31]. In addition, it has been shown that
the average number of OXPHOS paralogs is statistically lower
than the global average number of paralogs, calculated on the
entire gene family content of nuclear genomes, in all the ana-
lysed species. This suggests that OXPHOS genes are not prone
to forming or preserving duplicates in either vertebrates or
invertebrates. It is interesting to note that this result is confirmed
for lineages subject to a whole genome duplication event, such
Table 1
Genome sequencing projects and genomic features in Metazoa and Fungi
Group # Genome sequencing projects Organisms (annotated in ENSEMBL) Genome Size (Mb) # Chr # Genes Non-coding fraction
Mammals 42 Homo sapiens ∼3000 23 ∼25,000 97%
Pan troglodytes ∼3100 24
Macaca mulatta ∼3000 21
Mus musculus ∼2700 20
Rattus norvegicus ∼2700 21
Bos taurus ∼3000 30
Canis familiaris ∼2400 39
Loxodonta africana ∼3000 28
Echinops telfairi ∼3000 20
Dasypus novemcinctus ∼3000 32
Monodelphis domestica ∼3500 9
Birds 1 Gallus gallus ∼1200 39
Amphibians 1 Xenopus topicalis ∼1700 10
Fishes 4 Danio rerio ∼1700 25
Takifugu rubripes ∼365 22
Tetraodon nigroviridis ∼385 21
Urocordates 3 Ciona intestinalis ∼160 14
Ciona savignyi ∼180 Unknown
Insects 45 Drosophila melanogaster ∼180 5 ∼14,000
Anopheles gambiae ∼260 3
Aedes aegypti ∼1300 3
Apis mellifera ∼210 16
RoundWorms 8 Caenorabditis elegans ∼100 6 ∼19,000 75%
Flatworms 2
Other invertebrates 10
Fungi 80 Saccharomyces cerevisiae ∼12 16 ∼6000 25%
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gallus [34], being independent from the species-specific level of
genome redundancy. A possible explanation for the low number
of OXPHOS genes could be the “balance hypothesis” [26,35]
for which duplicated genes encoding subunits of multi-protein
complexes are negatively selected because the imbalance in the
concentration of subcomponents negatively influences their
correct assembly. Indeed, it has been shown that the expression
of OXPHOS duplicated genes in insects is very low and segre-
gated in the testis leading to the idea that these genes can survive
only if their expression is low and tissue-specific [36].
Among OXPHOS proteins, Lipid Binding Protein (Subunit c
of ATP synthase, LBP) and Cytochrome c (Cyt c) gene families
are evident exceptions to the under-duplication trend shown
above, with more than one copy in all vertebrates [31]. In mam-
mals, we have observed that the LBP family consists of three
paralogous genes, which are putative orthologs because of
their similarity, functional and syntenic analysis. The Cyt c
gene family is also greatly expanded, possessing several pro-
cessed copies in mammals, for example 49 Cyt c pseudogenes
have been characterized in the human genome [38]. We have
found that, if intronless and gene fragments are discarded, the
Cyt c gene family consists of two syntenic paralogous genes in
vertebrates, except for the human genome which has only one
intronic isoform [37]. These gene families behave differently
in terms of expansion and functional trend between species: all
three LBP isoforms are functional, expressed and differentially
regulated in most mammalian tissues [39]. In contrast, only
one Cyt c isoform is somatically expressed in mammals and
the other one, which is absent in the human genome, is seg-regated in the testis (in rodents, [38]) or with unknown func-
tion (bird and fishes).
6. Analysis of synteny of OXPHOS gene families in
vertebrates
One of the great advantages of the availability of entire
sequenced genomes is the opportunity it provides to define the
syntenic relationship of chromosome segments between
species. In the case of Cyt c gene family, the analysis of the
syntenic region between human and rodent sequences has
permitted the identification of a gene fragment in the human
genome, corresponding to the testis-specific copy in rodents.
This human pseudogene is not expressed and the relicts of its
two exons are now harboured in the intron and in the exon (with
different reading frames) of the longest transcript of the Pde11a
gene at ∼200 kb on human chromosome 2 (data not published).
In the case of the testis biased rodent copy, the rat CYC2 copy
still overlaps one of the transcript of the rat Pde11a gene,
whereas the mouse Cyt c copy lies adjacent to but not
overlapping the Pde11a transcripts (Fig. 4).
Syntenic analysis of LBP and Cyt c flanking genes in ver-
tebrates (Fig. 5) has revealed that all paralogs of both families
are close to HOX gene clusters. HOX genes, transcription fac-
tors activated during vertebrate development in a precise tem-
poral and spatial sequence that follows their chromosomal
order [40], are grouped in four clusters of paralogs in tetrapod
genomes and in about eight clusters in fishes [41]. Their
organization is considered the first suggestion that the verte-
brate genome underwent a double block/chromosome duplication
Fig. 4. Syntenic regions hosting a Cyt c paralog between human, mouse and rat genomes. The figure reports the alignment (modified from the Ensembl database
output) between syntenic regions of man and rodents. Red circles indicate the testis specific Cyt c isoform in rodents (rat CYC2 and mouse Cyct) and the syntenic
position in man, hosting the exon relicts of the human Cyt c paralog (red spots).
Fig. 5. Syntenic relations between HOX clusters and OXPHOS genes in vertebrates. Regions harbouring four HOX clusters (A, B, C, D) are reported in several
vertebrate species (Hs, H. sapiens; Mm, M. musculus; Gg, G. gallus; Tn, T. nigroviridis). Additional HOX regions arisen from fish-specific duplication events are
indicated with curly brackets in T. nigroviridis. A region from F. rubripes scaffold 47 (Fr_sc47) is added when T. nigroviridis is uninformative. Abbreviations of
OXPHOS gene family members correspond respectively to the three paralogs of Lipid Binding Protein (P1, P2, P3), to the somatic and testis-specific isoform (Cycs
and Cyct) of Cytochrome c and to the human paralogs of MLRQ (NUML, NUOS).
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the 2R hypothesis [20]. The concomitant presence of LBP and
Cyt c paralogs in the close proximity (upstream and downstream,
respectively) of HOX gene clusters in vertebrates is strong ev-
idence that these two OXPHOS gene families arose from the
same segment/genome duplication event involving HOX clusters.
In addition, a third OXPHOS gene family, encoding subunit
MLRQ of Complex I, formed by at least two paralogous genes in
vertebrates, is hosted in these genomic segments (data not pub-
lished, Fig. 5). Contrarily to LBP and Cyt c subunits, which are
highly conserved during evolution, MLRQ subunits are specific
to Metazoan species [42].
On the whole, this evolutionary scenario represents a good
example of the complex steps that accompany the birth and the
differentiation of nuclear gene families. In the case of LBP and
Cyt c families, they most probably originated through the same
segment/genome duplication event in the early origin of
vertebrates, but followed different evolutionary paths in specific
vertebrate species, for example the subfunctionalization of LBP
paralogs in mammals or the nonfunctionalization of a Cyt c
copy in the human genome.
7. Concluding remarks
The aim of this short review is to stress the great difference in
the evolutionary forces modulating the evolution of the nuclear
and mitochondrial genomes in eukaryotic cells. We have
summarised the concept of gene/genome redundancy, pertaining
to both nuclear and mtDNA, discussing the importance of
studying gene families, the components ofwhich are the “carriers”
of innovation necessary for the genome to evolve at a structural
and molecular level. In the last part, the analysis of synteny shows
its importance in understanding gene function in related species
and revealing the innovation introduced by evolution.References
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